Abstract Cardiac causes of ischemic stroke lead to severe neurological deficits from large intracranial artery occlusion compared to small vessel ischemic stroke. The most common cause of cardioembolic stroke is atrial fibrillation (AF), which has an increasing incidence with age. AF stroke trials demonstrate that anti-coagulation is superior to anti-platelet therapy in terms of ischemic stroke prevention. Recently, warfarin was compared with dabigatran, an oral, direct thrombin inhibitor, and was found to be at least equally effective in reducing ischemic stroke with less intracranial bleeding risk. Future research is investigating other direct thrombin inhibitors as potential alternatives to warfarin, which has a narrow therapeutic index, requires frequent blood monitoring, has multiple drug interactions, and a higher rate of intracranial bleeding. Other causes of cardioembolic stroke include myocardial infarction, left ventricular thrombus, reduced ejection fraction, valvular abnormalities, and endocarditis. Patent foramen ovale is a common finding on echocardiograms in patients with and without stroke (up to 20% of the population), and it is a controversial source of cryptogenic stroke. The best way to prevent cardioembolic stroke remains early detection and treatment of AF, and treating the underlying stroke mechanism. Cardiac magnetic resonance imaging is an emerging technology and reveals some sources of cardiac embolism missed by echocardiography, and might provide an additional diagnostic tool in investigating cardioembolic stroke.
Introduction
Cardiac embolism causes approximately 20% of all ischemic strokes [1] [2] [3] and is disproportionately more disabling than nonembolic-mechanism stroke, due to occlusion of larger intracranial arteries and larger ischemic brain volume. Atrial fibrillation (AF) remains the most common cause of cardioembolic stroke ( Fig. 1 ) [2] [3] [4] . However, there are a variety of other causes of cardioembolic stroke, which include acute myocardial infarction (AMI), ventricular thrombus (20%), structural heart defects, cardiac tumors (15%), and valvular heart disease (15%) ( Table 1) [3] . The clinical presentation of cardioembolic stroke is typically a sudden onset, as with other types of stroke. However, cardioembolic ischemic stroke may occlude a larger-sized intracranial artery in its resultant vascular territory compared to small vessel disease or perforator vessel disease (e.g., middle cerebral artery [M1] segment occlusion [5] ). The sudden onset of neurologic symptoms is not specific for cardioembolism because this overlaps with other stroke causes [5, 6] . Seizures are more likely to occur from embolism to distal cortical brain tissue compared to small vessel disease infarcts in deep locations. Cardiac thromboembolic events may also share a characteristic radiographic image bycomputed tomography (CT) or magnetic resonance imaging (MRI), which may show a pattern of infarction with a distal cortical "wedge" appearance ( Fig. 2 ; MRI) [7] . Also embolic and cardioembolic events may have a scattered pattern of infarction that suggest an embolus that fractured or Electronic supplementary material The online version of this article (doi:10.1007/s13311-011-0048-y) contains supplementary material, which is available to authorized users.
shattered into several pieces and the downstream vascular territory [6, 8] . Although these radiographic patterns are not pathognomonic for cardiac embolism per se, these patterns typically occur with emboli that travel through the intracranial circulation. Cardioembolic stroke may also present with a "stuttering" or fluctuating neurologic deficits pattern, especially those that display features of alternating right or left hemisphere or anterior and posterior hemisphere localization. Clinical and neuroimaging predictors of cardioembolic stroke include rapid or "dramatic" improvement of a major neurologic deficit [5] , a maximal deficit from onset [5, 6] , simultaneous ischemic strokes in different vascular territories (especially anterior and posterior circulation), and hemorrhagic transformation of an ischemic infarct that suggests recanalization and reperfusion injury [4] . Transient ischemic attacks (TIAs) are less frequent predecessors of cardioembolic stroke than large-vessel atherosclerotic stroke [5] such as carotid artery to distal artery embolism.
Evaluation of Patients at Risk for Cardioembolic Stroke
The clinical approach to cardioembolic stroke patients is systematic and includes a detailed history, physical examination, neuroimaging, electrocardiogram, and laboratory and echocardiographic data [9] . Asymptomatic patients should be screened during routine annual examinations for risk factors for cardiac embolism by cardiac auscultation for murmurs and assessment for an irregular heart rhythm [9] . Table 2)  Tables 2,4 Sick sinus syndrome [99] 3.5%, 5-10% if AF if coexists C, PM, Table 4 if coexists Cardiomyopathy [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] Acute MI without AF 1-2% in 3 months (AMI 2-6%) AC LVEF 35 Table 5 AP vs AC, future trials determine whether PFO closure efficacious, safe *Dependent on risk factors (e.g., CHADSvariables, see Table 2 ). Ischemic stroke risk includes primary and secondary stroke; † aortic tissue valves (porcine or bovine) may receive an initial period of anti-coagulation (depending on the center and treating surgeon) up to 3 months, followed by ant-iplatelet agent (e.g., 81 mg aspirin) thereafter. However, if atrial fibrillation is present, anti-coagulation may be used due to the presence of this risk factor or others (severe low left ventricular ejection fraction). (Modified from Freeman and Aguilar [77, 138] and further references ) ABX = antibiotics; AC = anti-coagulation (international normalized ratio, 2-3 unless indicated); AF = atrial fibrillation; AMI = anterior myocardial infarction; AP = anti-platlet (or aspirin or similar agent); ASP = aspirin; C = cardiac consultation; INR = international normalized ratio; LVEF = left ventricular ejection fraction; MI = myocardial infarction; PFO = patent foramen ovale; PM = pacemaker evaluation; VR = valve replacement evaluation (surgery) Fig. 2 Diffusion-weighted images of 2 slices of a patient with mitral valve endocarditis and subsequent cardioembolic infarcts. The left frontal infarct has a distal cortical "wedge" appearance typical of cardioembolic or embolic infarcts that travel to the distal cortical arteries.There is also a right parietal infarct as well,which is often seen with cardioembolism (different vascular territories, anterior left and right, and/or posterior circulation). The left-sided image is at a lower slice cut than the right image, which is higher (more cephalad)
The history should screen for symptomatic palpitations, unexplained bradycardic or tachycardic episodes, assessment of the patient's history of cardiac disease or heart failure, and family history of cardiac disease or arrhythmias. The history and physical examination may disclose a potential risk factor or cause for cardioembolic stroke, such as AF. However a substantial number of patients who present with stroke will not display AF during the inpatient setting, even on telemetry, but may require prolonged monitoring, such as Holter monitoring or event monitoring to detect occult AF. In such patients with a high degree of clinical suspicion for arrhythmia, a 12-lead electrocardiogram, inpatient telemetry, or outpatient Holter monitor [10] or event recorder may be necessary to capture intermittent paroxysmal AF or sick sinus syndrome. Prolonged outpatient Holter monitoring up to 7 days can also be considered for patients with unexplained cerebral ischemia, which had a higher yield of occult AF detection compared to 24-h or 28-h Holter monitoring (12.5% compared with 4-6%) [11] .
The key to preventing cardioembolic stroke is early recognition of risk factors before an actual stroke occurs. Patients with dyspnea should be considered for myocardial infarction, angina, or heart failure. Patients with TIA symptoms after Valsalva (e.g., cough, sneeze, bowel movement)are suggestive of intracardiac shunt or other possible sources of embolism (e.g., large patent foramen ovale or atrial or ventricular septal defects). In such cases, echocardiogram with a bubble study or alternative means of detecting shunt physiology may disclose this source of potential cardiac embolism.
Standard laboratory investigations include complete blood cell count with platelets, prothrombin time, and activated thromboplastin time [9] . Young patients without vascular risk factors who experience cardioembolic stroke or especially TIA, and who have a family history suggestive of thrombophilia, should undergo a prothrombotic workup. A standard prothrombotic laboratory workup for younger patients includes GP20210 (prothrombin gene) mutation, factor V Leiden mutation, protein C or S deficiency, anti-thrombin III deficiency, anti-phospholipid antibodies, and lupus anticoagulant. Recently, hypercoaguable blood testing has come into question, given recent meta-analyses showing a weak association with arterial stroke [12] . However, this may be considered in young patients with no other cause of stroke. In addition, paradoxical embolism should be considered in patients in whom Deep vein Thrombosis (DVT) is detected with a known intracardiac shunt with cardioembolic event or stroke.
In patients with symptomatic, incident stroke, echocardiography is advised to evaluate the source of cardioembolism. Transesophageal echocardiogram (TEE) remains the diagnostic "gold-standard" to evaluate cardioembolic sources of stroke [9, 13, 14] . TEE has been shown to be superior to transthoracic echocardiography (TTE) in detecting cardiac sources of embolism [14] . Some clinicians prefer to perform TTE first, and if positive for cardioembolic stroke proceed with treatment, depending on the cause. However, if TTE is negative and TEE is not obtained, it is possible to fail to identify the source of cardiac embolism [15, 16] . The risks of TEE include local irritation or injury to the oropharynx and esophagus; respiratory decompensation, especially in those with poor cardiopulmonary status (e.g., end-stage cardiopulmonary disease); increasing intracranial pressure, in patients who are at risk. The sensitivity for both TTE and TEE in detecting right-to-left shunting can be doubled by intravenous injection of saline mixed with air (i.e., the saline bubble study). Saline bubble study transcranial Doppler ultrasonography can also detect right-to-left shunting when intravenous microbubbles are detected as they pass through the middle cerebral artery segment (M1) [17] .
Neuroimaging of cardioembolic stroke is typically performed acutely via noncontrast head CT for patients presenting to the emergency room. Noncontrast head CT is typically used due to its wide availability, quick turnaround time, and ability to exclude intracranial hemorrhage [9] . Noncontrast head CT is also typically used in the decisionmaking process regarding eligibility for intravenous tissue plasminogen activator (TPA) for patients who present within 3 hours of symptom onset. However, patients who present with subacute to chronic stroke symptoms or TIA, or when CT is nondiagnostic, MRI is often used. MRI with diffusionweighted image sequences has superior sensitivity in detecting small areas of ischemia or infarction that are often missed on initial CT, particularly in the posterior fossa. The neuroimaging pattern of a cardioembolic infarct is typically a cortical or a cortical-subcortical pattern of ischemia on diffusion-weighted imaging, if acute (Fig. 2) . In comparison, small deep penetrator infarcts of the lenticulostriate or brainstem (<1 cm in size) are typically not cardioembolic in origin and most likely relate to small vessel (≤100 microns in diameter) disease processes, such as hypertension or diabetes. However, reports of migratory cardioembolic events that occlude penetrating vessel ostia are reported, but their involvement is typically greater than 1 cm in parenchymal size. Cardioembolic stroke affecting the posterior circulation accounts for ≤25% of posterior circulation ischemic events in some registries [18] [19] [20] [21] [22] [23] [24] [25] [26] .
Once a systematic stroke workup has been completed, it is important to classify the stroke mechanism. Understanding the mechanism of stroke is important because evidence-based recommendations are based on mechanism. The authors suggest classifying stroke mechanism by the modified trial of ORG 101172 (TOAST) classification [27] , which subdivides stroke into 5 subtypes based on clinical features and the results of diagnostic tests: 1) large-artery atherosclerosis, 2) cardioembolism, 3) small-vessel occlusion, 4) stroke of other known cause, and 5) stroke of unknown cause (cryptogenic). The article will primarily focus on cardioem-bolic stroke and AF, because it is the most common cause of cardioembolism. The remainder of the article will summarize treatments for other causes of cardioembolic stroke.
Newer methods are being reported to help detect cardioembolic stroke. For example, long-term continuous electrocardiographic monitoring or 30-day event recorders show a 9-23% detection rate of occult AF among those without known AF or with previously diagnosed cryptogenic stroke [28] [29] [30] .
B-type natriuretic peptide (BNP) elevation had risen to >76 at stroke admission and had an odds ratio of 2.3 times that being associated with cardioembolic stroke compared to other types (confidence interval [CI], 1.4-3.7; p=0.001) [31] , and BNP elevation was highest in cardioembolic stroke (as high as 410 pg/ml) among all stroke subtypes [32] .
Stroke Prevention in AF
Atrial fibrillation (AF) is the most common source of cardiac embolism (~45%) and has an incidence that increases with age [33] [34] [35] . Approximately 2.3 to 3.2 million people are currently affected in the United States, and based on epidemiologic data from Olmsted County, the future projections of patients with AF could exceed 12 million by 2050 [33] , which has tremendous potential on society and healthcare costs attributed to stroke.
According to the American College of Cardiology, the American Heart Association, and the European Society of Cardiology,AF is classified into different forms [34] : 1) paroxysmal AF (PAF), a self-terminating or intermittent form that generally last less than 7 days and usually less than 24 hours; 2) persistent AF, which fails to self terminate and lasts longer than 7 days; and 3) permanent AF, which lasts for more than 1 year. However, it is important to note that the ischemic stroke risk is similar between persistent, sustained, and PAF based on data within the Atrial Fibrillation Clopidogrel Trial with Irbesartan for Prevention of Vascular Events (ACTIVE W) [36, 37] . Detection of PAF can also be particularly elusive and sometimes it is first detected during embolic stroke.AF causes ineffective atrial contractions, which lead to stagnation of blood within the left atrium and within the left atrial appendage, which later embolizes to the brain and sometimes viscera. Another classification for AF is either "valvular" or "nonvalvular" AF. Valvular AF refers to AF in the setting of mitral valve disease (e.g., rheumatic mitral valve stenosis) or prosthetic valve [34] . Nonvalvular AF refers to AF without any underlying structural valve disease or prosthetic valve. Nonvalvular AF occurs in approximately 0.7% of the general population and increases with age [35, 38, 39] .
AF ischemic stroke risk is stratified by concomitant independent risk factors, including age (>75 years), history of prior transient ischemic attack or stroke, hypertension, diabetes, and heart failure. Multiple studies have identified these risk factors for stroke in patients with AF. These include the Atrial Fibrillation Investigators (AFI), the Boston Area Anticoagulation Trial of Atrial Fibrillation Investigators (BAATAF) [40] , Stroke Prevention in Atrial Fibrillation (SPAF) [41, 42] , Stroke Prevention in Nonrheumatic Atrial Fibrillation (SPINAF), Copenhagen Atrial Fibrillation, Aspirin, and Anticoagulation Study (AFA-SAK) [43] , and Canadian Atrial Fibrillation Anticoagulation (CAFA) study [44] . Several stroke risk stratification schemes have been proposed [45, 46] , and one scheme has not been definitely proven superior to another scheme or 100% predictive of ischemic stroke risk [45, 46] . For clinical purposes, we find the CHADS2 risk stratification scheme [46] easy to use in patients identified with AF. CHADS is an acronym of the particular risk factor and is weighed for each to estimate the annual ischemic stroke risk ( [46] . We find the CHADS2 scale simple and easy to use, especially when discussing the riskbenefit ratio of anti-coagulation therapy.
Anti-Platelet Versus Anti-coagulation Therapy for AF Stroke Prevention
Several large prospective trials and meta-analyses have demonstrated warfarin superioritycompared to aspirin therapy in reducing stroke for high-risk AF patients [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] . Review of data comparing warfarin to anti-platelet agents will not be reiterated here, but references are provided to the reader [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] . Generally speaking, the optimal therapy for each patient is individualized based on ischemic stroke risk factors against hemorrhage risks, such as prior intracranial hemorrhage or gastrointestinal bleeding. The ACTIVE W trial [36] randomized more than 6600 patients with AF with at least 1 risk factor for stroke to both aspirin (75-100 mg daily) and clopidogrel (75 mg daily) against dose-adjusted warfarin (target international normalized ratio [INR], 2.0-3.0). The primary outcome measure for the study was incident stroke, extra-cerebral embolic event, MI, and vascular death. The study was stopped early due to the findings of superiority of oral anti-coagulation compared to the aspirin-clopidogrel group in preventing primary events (RR, 1.44; 95% CI, 1.18-1.76; p=0.0003), and less major bleeding with oral anti-coagulation therapy (RR, 1.30; 95% CI, 0.94-1.79; p=0.03). These data from the ACTIVE studies suggest clopidogrel and aspirin reduces ischemic stroke and MI (stroke rate per year, 2.4% for clopidogrel plus aspirin vs 3.3% for aspirin alone), but at the cost of increased bleeding events compared to aspirin alone (major bleeds per year, 2.0% for clopidogrel and aspirin vs 1.3% for aspirin alone). Also the combination of aspirin and clopidogrel increases bleeding risk compared to warfarin (major bleeds, 2.42% vs 2.21% per year, respectively) and is inferior to oral anti-coagulation in preventing ischemic stroke (2.1% vs 1.0% per year, respectively).
The Birmingham Atrial Fibrillation Treatment of the Aged (BAFTA) trial [63] is another recent important study. BAFTA studied 973 patients aged 75 years or older with AF.The study randomized patients to either low-dose aspirin (75 mg/day) or dose-adjusted warfarin (target INR, 2.0-3.0). The primary endpoint was ischemic stroke, fatal or disabling hemorrhagic event (such as intracranial hemorrhage [ICH]), or clinically significant arterial embolic event.The mean period of follow-up was 2.7 years in a primary care setting in the United Kingdom. The primary event rate was 3.8% per year in the aspirin group compared to 1.8% per year in the warfarin group (RR, 0.48; 95% CI, 0.28-0.80; p=0.003). The annual absolute risk reduction using warfarin compared to aspirin was only 2% (95% CI, 0.7-3.2). However, it is important to note this study included all AF patients, regardless of stratified risk (e.g., CHADSscale).The findings demonstrate a "net clinical benefit" ("fatal or disabling stroke" regardless of ischemic or hemorrhagic origin) in older patients (48% RR reduction) in overall stroke events treated with warfarin compared to aspirin.The annual risk of extracranial bleeding was similar but slightly higher in the aspirin group (i.e., 1.6% in the aspirin group compared to 1.4% in the warfarin group [RR, 0.87; 95% CI, 0.43-1.73]).
The Anticoagulation and Risk Factors in Atrial Fibrillation (ATRIA) trial by Singer et al. [64] demonstrated a net clinical benefit of warfarin anti-coagulation in older patients with AF, despite hemorrhagic events [64] . There were 13,559 adult patients with nonvalvular AF who were studied in both retrospective and prospective components. The The Anticoagulation and Risk Factors in Atrial Fibrillation (ATRIA) study used the CHADS2 score to estimate embolic stroke risk. A net clinical benefit was assessed by determining the annual rate of ischemic strokes and systemic emboli prevented by warfarin minus ICH attributable to warfarin, multiplied by an impact factor. An impact factor of 1.5 was used for ICH. The study demonstrated a net benefit of warfarin in AF patients increasing with CHADS2 score, starting from 0 and increasing to 6, even when accounting for ICH and in older patients.
What about newer anticoagulants for AF? Ximelegatran, a direct thrombin inhibitor, was studied in Stroke Prevention using Oral Thrombin Inhibitor in atrial Fibrillation (SPOR-TIF) III and V trials, but had complications of hepatic dysfunction and was not approved for use by the United States Food and Drug Administration [65] [66] [67] . The drug was not inferior to warfarin in reducing ischemic stroke in AF patients and had a relatively low incidence of bleeding similar to warfarin.In the SPORTIF trials, ximelegratran had similar rates for major hemorrhage (gastrointestinal and gastric ucler tract and soft tissues) of approximately 2.5% per year to warfarin.
The Randomized Evaluation of Long-Term Anticoagulant Therapy (RELY) trial [68] studied dabigatran (Pradaxa TM, Boehringer Ingelheim, Rhein, Germany), another oral direct thrombin inhibitor in AF patients.The study randomized 18,113 patients with AF at risk for ischemic stroke to either dabigatran (fixed doses of 110 or 150 mg twice a day in blinded fashion) or dose-adjusted warfarin (unblinded). The primary outcome was stroke or systemic embolism. The median duration of follow-up was approximately 2 years.The primary outcome occurred in 1.69% per year in the warfarin group compared to 1.53% in the dabigatran group (with 110 mg) (RR with dabigatran, 0.91; 95% CI, 0.74-1.11; p<0.001 for noninferiority) and 1.11% per year in the dabigatran group (with150 mg) (RR, 0.66; 95% CI, 0.53-0.82; p<0.001 for superiority). Major bleeding was reported in 3.36% per year in the warfarin group compared to 2.71% in the dabigatran group (with 110 mg) (p=0.003), and 3.11% per year in the dabigatran group (with 150 mg) (p=0.31). ICH occurred at a rate of 0.38% per year in the warfarin group compared to 0.12% per year in the dabigatran group (with 110 mg) (p<0.001), and 0.10% per year in the dabigatran group (with 150 mg) (p<0.001). The data suggest the dabigatran group (with 110 mg dose) was not inferior to the dose-adjusted warfarin for stroke prevention, and had less major bleeding complications, particularly ICH (0.38% warfarin vs 0.12% with 110 mg). The higher dose of dabigatran (with 150 mg) was superior to warfarin in ischemic stroke prevention, and had less ICH than warfarin (0.38% per year with warfarin vs 0.10% per year with 150 mg oral dabigatran), but it had similar rates of extracranial major hemorrhage (3.36% per year with warfarin vs 3.11% per year with 150 mg dabigatran).
Dabigatran has some advantages in comparison to warfarin, which includes the lack of frequent blood draws to monitor levels (as seen with patients on warfarin) and avoidance of the many drug interactions that warfarin has with other substances (herbal and dietary) ( Table 3 ). The drug also may be preferred in some patients in which there is concern of potential ICH, given its lower risk (0.1-0.12%) than dose-adjusted warfarin (0.3% per year). However, it should be noted that dabigatran needs to dose-adjusted with renal function and interacts with amiodarone (a P-gp inhibitor), which is commonly used in AF patients. Other P-gp inhibitors ketoconazole, verapamil, quinidine, and clarithromycin do not require dose adjustments. The drug is also a category C in regard to pregnancy. The effects of dabigatran are reduced by rifampin which is a P-gp inducer. The dose used for patients with a creatinine clearance of greater than 30 mL per minute is 150 mg orally twice daily, whereas per patients with a creatinine clearance of 15 to 30 mL per minute issuggested at 75 mg orally, twice daily [69] . The half-life of dabigatran is approximately 12 h, and there is no known "anti-dote" to reverse its effects if lifethreatening bleeding occurs [69] . Dabigatran does not require blood monitoring, which would make assessing compliance difficult in some patients. The drug will also be more expensive than warfarin. However, because it will not require frequent and lifelong blood monitoring like warfarin, the long-term cost vs warfarin (especially frequent) monitoring remains to be clearly outlined. Dabigatran was approved by the United States Food and Drug Administration in 2010 for use in AF patients for stroke prevention [70] , and it was available for prescription by mid-November to December 2010. The drug has been approved and available for use in Europe (prior to approval in the United States) for venous thromboembolism prevention after knee replacement (at a dose of 110 mg, twice a day), which was not for stroke prevention.
Dabigatran prolongs the activated partial thromboplastin time (aPTT) [69] . In patients with bleeding, the aPTT test may determine if the drug is present or not, or to assess drug compliance. In areas that in which it is available, a thrombin time or ecarin clotting time may be more sensitive in evaluating, and with the anti-coagulant effects of the drug. The prothrombin time (PT) is also prolonged by this drug, but is less sensitive than eclarin clotting time and is not deemed suitable for assessing the anti-coagulation effect of the dabigatran [69] . The drug can be dialyzed, and as mentioned there is no anti-dote to reverse its effects. The manufacturer suggests providing sufficient intravenous fluids to maintain diuresis because the drug has a renal elimination route. The treatment approach for AF patients between aspirin and warfarin anti-coagulation (or in the near future with dabigatran in the United States) should be individualized based on the patient's ischemic stroke risk, hemorrhagic risk, and other factors. Consensus guidelines for treatment are shown in Table 4 . However, "one size fits all" model does not apply to many patients. For example, a 75-yearold patient with AF who had no other risk factors may not be recommended anti-coagulation by current consensus, but results from the BAFTA trial suggest a small absolute benefit (absolute risk reduction, 2%) over aspirin. Another example is a 76-year-old patient with AF, hypertension, diabetes, prior TIA, and no congestive heart failure would have a CHADS2 score of 4 or annual ischemic stroke risk of approximately 8.5%. This patient's estimated ICH risk is approximately 0.3 to 1% annually [63] [64] [65] [66] [67] [68] 71] . This patient's "risk-benefit ratio" favors anti-coagulation with either warfarin or dabigatran over aspirin (or clopidogrelaspirin combination) for ischemic stroke prevention based on the aforementioned trials. However, other variables need to be considered, such as the patient's ability to take warfarin and return for frequent blood monitoring (e.g., compliant patients who can afford such medication and laboratory testing).Some health insurance companies may not cover dabigatran initially, especially if warfarin is cheaper, although the long-term costs of frequent blood testing may offset the cost of the drug. Also patients with ICH and AF may not be suitable for warfarin, especially those with cerebral amyloid angiopathy. The dilemma of starting or re-starting anti-coagulation after ICH is outside the scope of this article.
Other Treatment Options for AF
Other drugs currently under investigation include factor Xa inhibitors (rivaroxaban and apixaban).However, these drugs have not been approved by the Food and Drug Administration at the time of this writing. It should be noted the results of the Apixaban versus Acetylsalicylic Acid to Prevent Strokes (AVERROES) trial [72] were recently completed, which randomized 5599 patients with AF to either apixiban (5 mg orally, twice a day) or aspirin (81-325 mg) for stroke prevention, and compared stroke and other embolism as the primary endpoint and major bleeding events. Mean follow-up was approximately 1 year, but the study terminated earlier due to clear benefit of apixiban compared to aspirin. Apixiban was superior to aspirin in stroke prevention (i.e., primary endpoint of stroke, 1.6% per year among apixiban patients and 3.7% per year with aspirin). Major bleeding rates were similar (1.4% per year in the apixaban group and 1.2% per year in the aspirin group), with similar rates of intracranial hemorrhage (11 patients [~0.3%] on apixiban, and 13 [0.4%] on aspirin).
A newer drug termed tecarfarin (ATI-5923) has been recently studied by Ellis et al. [73] , is an oral vitamin K antagonist similar to warfarin. However, tecarfarin is a vitamin K epoxide reductase antagonist, which is metabolized by carboxylesterases and not the cytochrome P450 (CYP450) system like warfarin. Nonetheless, the drug acts like warfarin by elevating the INR, and it can be measurded as such similar to warfarin. This difference in metabolism can also decrease many potential drugs, herbal, and dietary interactions seen with warfarin due to the CYP450 system. Because the drug may not involve the CYP450 2 C9 gene polymorphisms, this may lead to more stable anticoagulation control, especially in patients with genetic polymorphisms of the CYP450 2 C9 system. However, the study by Ellis et al. [73] is limited in that it was only an open-label study whose primary outcome was time in the therapeutic range. Nevertheless, the drug provides insight into other pharmacotherapeutic options in the research and development pipeline for patients with AF.
Newer surgical or interventional options are described for AFand include the Maze procedure, and other atrial occluder interventions, including the WATCHMAN, PLAATO, and Amplatzer devices [74, 75] . These devices are typically used in AF patients who cannot tolerate prolonged anti-coagulation therapy. These devices also carry initial surgical or endovascular risks not seen with medical therapy. Although these interventions have shown feasibility, their long-term superiority to medical management remains a matter of debate [74, 75] . It appears to Table 4 Consensus treatment recommendations for patients with AF combined with CHADS2 score equivalents* ► Aspirin 81-325 mg daily for patients with no risk factors or contraindication to warfarin ► Aspirin 81-325 mg daily or warfarin (INR: 2-3) for patients with one moderate risk factor (i.e.
CHADS2 score of 1) ► Warfarin (INR: 2-3) for patients with any high-risk factor or more than 1 moderate risk factor (i.e. CHADS2 score ≥2)
*Modified from references [34, 61] Moderate-risk factors include age ≥75 years, hypertension, heart failure, left ventricular ejection fraction(LVEF) ≤35%, or diabetes mellitus. Highrisk factors include prior stroke, transient ischemic attack or embolism, mitral stenosis, or mechanical heart valve. Patients with mechanical heart valves should have their international normalized ratio (INR) intensity adjusted depending on location and other factors.
AF = atrial fibrillation
Prevention of Cardioembolic Strokemake sense that exclusion of the left atrial appendage and subsequent thrombus formation may reduce ischemic stroke risk.However, at the present time we encourage enrollment in clinical trials to help to scientifically determine whether these surgeries or procedures are superior to medical management. Conversely, patients who cannot tolerate long-term anti-coagulation may be considered on a case by case basis for such surgical or interventional devices in clinical trials [76] .
Stroke Prevention in Other Causes of Cardioembolic Stroke
Other causes of cardioembolic stroke include myocardial infarction, left ventricular thrombus, low ventricular ejection fraction, cardiac tumors, and prosthetic heart valves [36, [38] [39] [40] . Treatment recommendations for other cardioembolic sources with anti-coagulation and anti-platelet agents are summarized in Tables 1 and 4 . For a comprehensive review of other causes of cardioembolic stroke and management, see Freeman and Aguilar's [77] article.
MI
MI and ischemic cardiac disease are the leading cause of death in the United States.Cardioembolic strokes may occur within 24 hours after MI. Approximately half of cardioembolic strokes occur within the first week, although stroke risk remains high for as many as 3 months post-MI before decreasing gradually [78] [79] [80] [81] [82] [83] [84] . Myocardial infarction that involves the anterior myocardial wall carries a higher stroke risk than inferior wall myocardial infarction (25% vs 5%) [84] . Patients who have experienced MI from coronary artery disease are often treated with heparin, which also reduces the risk of ventricular wall thrombus formation [79] [80] [81] 84] . Patients with anterior wall MI with ventricular wall thrombus should be treated with warfarin, with the goal of attaining an INR of 2.0 to 3.0 for as many as 6 months [84] . Subsequently, aspirin therapy may be used if ejection fraction is preserved and AFis absent. The Anticoagulants in the Secondary Prevention of Events in Coronary Thrombosis (ASPECT) trial [80] demonstrated reduced stroke risk for as much as 40% during a 3-year time span in patients treated with prolonged anticoagulation after myocardial infarction, although bleeding risks were increased. If AF develops after myocardial infarction, anti-coagulation may be considered indefinitely, depending on other risk factors, as assessed by the CHADS 2 score [84] . If stroke occurs after MI despite antithrombotic therapy, the patient's stroke mechanism and risk needs to be re-evaluated, especially to ensure that adequate medical prophylaxis is used. For example, the severity of left ventricular ejection fraction (<35%), the presence of ventricular wall thrombus, whether anticoagulation was therapeutic or not, and the presence of AF or another cause of the patient's stroke, such as carotid disease, need to be considered. Discovering the mechanism of a stroke after MI should lead to appropriate therapeutic intervention assuming there is no contraindication (e.g., AF, after MI and stroke, leads to anti-coagulation).
Patent Foramen Ovale (PFO)
PFO remains a controversial cause of cryptogenic and cardioembolic stroke due to its widespread prevalence in the population of approximately 20 to 25% [77] . A PFO is a hole between the left and right atria and allows passage of blood from the right to left side depending on the size of the PFO and physiological variables, such as Valsalva, which increases intrathoracic pressure. The PFO remains controversial because of its high prevalence and because common physiologic stressors frequently occur that do not result in immediate ischemic stroke. Nonetheless, the association of a PFO with atrial septal aneurysm (ASA) has been suggested in prospective trials of patients with cryptogenic (e.g., mechanism not certain due to AF or another mechanism, such as carotid stenosis) ( Table 5 ). The ASA is a mobile structure that bows back and forth around the PFO and is hypothesized to be a nidus for clot formation, although rarely substantiated on echocardiogram [77, [85] [86] [87] . For patients with incident stroke and PFO detected on echocardiogram and no other attributable cause (i.e., lacunar disease mechanism or large vessel atherosclerosis) with a cryptogenic stroke classification, we advise evaluation for ASA on echocardiogram and use of aspirin or antiplatelet initially, along with another risk factor modification. For patients who fail this approach, we recommend enrollment in a clinical trial studying medical management vs endovascular PFO closure [88] . Recently, the CLO-SURE-1 trial preliminary results were released [89]. The CLOSURE 1 trial [90] was a prospective, multicenter study ASA = atrial septal aneurysm; CI = confidence interval; PFO = patent foramen ovale of closure of the PFO using the STARFLEX PFO occluder device, combined with the best medical therapy, compared to best medical therapy alone in patients with symptomatic TIA or stroke who had known PFO. The study enrolled 910 patients and required a 2-year follow-up. The primary endpoint of the CLOSURE 1 trial was a 2-year incidence of stroke or TIA, all-cause 30-day mortality,and neurologic mortality from 31 days of follow-up, which was adjudicated by a panel of physicians who were blinded of treatment allocation. The preliminary results of the CLOSURE 1 trial suggest the PFO occluder device was not superior to the best medical therapy for prevention of recurrent stroke or TIA. Randomize Evaluation of recurrent Stroke Comparing PFO Closure to Established Current Standard of Care Treatment (RESPECT) is another ongoing PFO occlusion trial [91] (Amplatzer AGA Medical, Plymouth, MN, NCT00465270), and randomizing patients to either best medical therapy or PFO closure on recurrent stroke outcomes. The CLOSE trial (NCT00562289) [92] is comparing anti-thrombotic therapy (anti-platlet vs anticoagulation) vs PFO closure is best in preventing recurrent stroke. Gore-REDUCE trial (NCT00738894) is another randomized clinical trial evaluating PFO closure in secondary stroke prevention. The results of these studies will be very important in patients with PFO and stroke.
It is also important to note PFO may be a culprit in "parodoxical embolism", which is arterial circulation embolism from venous clots, such as from DVT. The PFOs in these cases can occur from a venous thrombus that crosses through a PFO and instead of causing pulmonary emboli, causes arterial embolic events that resemble cardioembolic stroke.A high degree of clinical suspicion should exist in patients with apparent arterial embolic stroke, but have DVT and PFO. Given the high risk of DVT development after stroke in paretic limbs, the timing of the discovery of DVT and PFO should occur as soon as possible. A paradoxical stroke mechanism should not be attributed when there is obvious mechanism, such as AF. However, in patients with cryptogenic or undefined stroke mechanism, who have a large-sized PFO with shunting on bubble study proving right-to-left sided physiology, and with early detected DVT, paradoxical embolism is sometimes considered. However, there is considerable controversy as to whether paradoxical embolism mechanism exists and how to treat it, especially with a PFO [93, 94] . In young patients with a PFO, a shunt on an echocardiogram, and proven DVT, hypercoaguble workup, and family history should be considered for conditions such as factor V Leiden, lupus anti-coagulant, prothrombin 20210 mutation, protein C and protein S deficiencies, hyperhomocystemia, or anti-cardiolipins hypercoagulable state. A basic prothrombin time (PT) and aPTT can be used to screen for basic hematologic derangements, such as a low aPTT in "lupus anti-coagulant". In such patients, it is important to order the coagulation workup laboratory tests before starting heparin and warfarin, which can affect these tests and confound the diagnosis. In patients with a proven hypercoaguable state, with cerebral embolic event, and a proven early diagnosed DVT and PFO, paradoxical embolism can be considered. Treatment is controversial, but it is typical with anti-coagulation, once safe from a cerebrovascular standpoint, and once the hypercoaguable abnormality is defined.
Future Research into Cardioembolic Stroke
Imaging Cardiac CT and MRI are emerging diagnostic tools and have identified sources of cardioembolism missed by conventional echocardiography [95, 96] , especially for left atrial thrombi. However, cardiac MRI is not widely available, the knowledge among physicians in regard to its approved indications is limited, and it has received poor reimbursement [95] . Current guidelines provide the following indications for cardiac MRI [77, 95] : 1) TTE study is questionable for the presence of left ventricular thrombus; 2) a cardiac mass suspected on TTE requires further [97] . AF = atrial fibrillation; B = bleeding event; DD = double dummy; EE = embolic event (non-central nervous system); RCT-DB = randomized control trial, double blind; RF = risk factor for ischemic stroke evaluation; 3) patients cannot tolerate TEE and/or cannot undergo TEE secondary to medical reasons; 4) the TEE study was inconclusive; and 5) suspected false-negative TEE results, in which a cardiac MRI can adequately image potentially missed sources of embolus, such as left ventricular thrombus, cardiac masses, aortic plaque, or left atrial appendage thrombus.
Newer Anticoagulants
As previously mentioned, dabigatran is the first of a new line of direct thrombin inhibitors to compete with warfarin for AF, which has been the "anti-coagulation mainstay" for the past 50 years.However, other newer anticoagulants are being investigated in trials [97] and include oral anti-Xa drugs apixiban, edoxaban, rivaroxaban, and the pro-drug AZD0837 (Table 6) , which converts into a select and reversible direct thrombin inhibitor (AR-H067637). These newer anticoagulants may provide a wider array for AF patients and ischemic stroke prevention, depending on the results of these trials, which include at least 1 risk factor for stroke, and looking at embolic events both central nervous system (CNS) and non-CNS events, and bleeding. The results of the Rivaroxaban Once Daily Oral Direct Factor Xa Inhibition Compared with Vitamin K Antagonism for Prevention of Stroke and Embolism Trial in Atrial Fibrillation (ROCKET AF) trial are important to highlight, and these were announced at the American Heart Association's scientific session [98] in November 2010. Rivaroxaban is a direct, competitive factor Xa inhibitor with a half-life of 5 to 13 hours, which has hepatic metabolism (CYP 450) and one third renal clearance. Rivaroxaban has once-daily dosing without the need for coagulation monitoring. The Rivaroxaban Once Daily Oral Direct Factor Xa Inhibition Compared with Vitamin K Antagonism for Prevention of Stroke and Embolism Trial in Atrial Fibrillation (ROCKET AF) trial randomized patients to either rivaroxaban (20 mg orally, once daily except for patients with creatine clearance of 30-49 ml/min, which received 15 mg daily), or warfarin (INR target, 2.0-3.0) in a double-blind, double-dummy fashion.The primary endpoint was stroke or non-CNS systemic embolism, and major bleeding events in patients with baseline AF (e.g., CHADSscore of ≥2).The multicenter, international study enrolled 14,262 patients among 45 countries and 1178 sites (n=7131 rivaroxaban and n=7133 warfarin).The event rate in the rivaroxaban group was 1.71 compared to 2.16 in the warfarin group (Hazard ratio (HR), 95% CI, 0.79; 0.66-0.96; with a p value for noninferiority of <0.001). The event rate of hemorrhagic stroke was 0.26 in the rivaroxaban group vs 0.44 in the warfarin group (p=0.024), and ischemic stroke rates of 1.34 and 1.42, respectively among the groups (p= 0.581). However, the rate of fatal bleeding was lower in the rivaroxaban group (0.24) vs 0.48 in the warfarin group (0.48), which was significantly different (p=0.003). The data suggest that rivaroxaban was not inferior to warfarin for prevention of stroke and non-CNS embolic events, and by intention to treat analysis not superior to warfarin. Rivaroxaban had a similar rate of bleeding, but less fatal and intracranial bleeding than warfarin. Therefore, rivaroxaban (similar to dabigatran) may provide AF patients a future alternative to warfarin for stroke prevention.
Conclusion
Cardioembolic stroke is disproportionately more disabling than lacunar stroke due to the occlusion of larger intracranial artery vascular territories and larger brain tissue volume affected. Cardioembolic stroke incidence is expected to increase in the future due to the age-related incidence of AF, which may exceed 12 million patients by 2050. Emerging therapeutic interventions include dabigatran, an oral direct thrombin inhibitor, which has a lower incidence of intracranial bleeding than dose-adjusted warfarin, as well as left atrial appendage obliteration procedures. Future research is also aimed at other oral direct thrombin inhibitors and vitamin K antagonists that have less or minimal drug interactions. Cardiac MRI may provide an alterative means to diagnose cardioembolic sources of embolism in patients whose detection of such was missed by echocardiogram.
